Abstract. Empirical evidence to assess the hypothesis that nest predation pressure influences avian assemblage composition is mostly lacking. We examined distribution of predation risk for artificial bird nests in the understory of coniferous and deciduous forests in southeastern Alaska and adjacent western Canada to determine whether habitat-specific nest predation pressure could be a factor influencing habitat selection and, in turn, breeding bird diversity. Two sizes of open-cup nests were constructed of natural materials and placed in nest sites representative of those used by local breeding bird species although, on average, artificial nests were more conspicuous than natural nests monitored in a companion study. Artificial nests were exposed to predation during early and late nesting seasons in 1993 and 1994. Principal nest predators identified using automated cameras were red squirrel (Tamiasciurus hudsonicus), Steller's Jay (Cyanocitta stelleri; Alaska only), Gray Jay (Perisoreus canadensis; Canada only), and small mammals. Systematic point-count censuses recorded significantly more red squirrels than jays in coniferous forest, and both jay species reached peak abundances at the border between coniferous and deciduous forest, relative to interior forest of both types. In repeated-measures analysis of variance, predation of artificial nests was significantly higher in coniferous than deciduous forest, and greater for large (thrush size) than for small (warbler size) nests. Nest height (shrub vs. ground) was not an important factor, due to a significant interaction with time (early vs. late nesting season). Natural and artificial nest predation losses were comparable in deciduous forest, but artificial nests were more susceptible than natural nests in coniferous forest understory. Artificial nest losses reflected the distribution of predators, especially red squirrels, and was negatively associated with breeding bird diversity in northwestern forest understoryconfirming that nest predation pressure is one (of several) plausible determinants of avian habitat selection and assemblage organization.
INTRODUCTION
Community-level analyses of assemblage organization necessarily encompass multiple alternative hypotheses that may overlap or interact with one another (Quinn and Dunham 1983) . Several factors are widely recognized as selective forces determining avian reproductive success, habitat selection, and community structure, including, weather (Davis 1986 , Holmes et al. 1986 ), quality and availability of appropriate foods (Lack 1954 , Martin 1987a , Wiens 1989 , Graveland et al. 1994 , availability of structural features providing cover and nesting/feeding substrates (Karr and Roth 1971 , Willson 1974 , Mills et al. 1991 , and the nature of competitive relations governing access to resources (Slagsvold 1980 , Holmes et al. 1986 , Moulton and Pimm 1986 . Ecologists have focused more recently upon the community-level influence of nest predation, in particular, the idea that avian community organization may also be mediated by availability of lowManuscript received 6 November 1996; revised and accepted 10 November 1997. predation nest sites (Rand 1967 , Martin 1988a , b, 1996 , Ricklefs 1989 . Nest predation accounts for the largest share of nest failures in most landbird communities (e.g., Ricklefs 1969 , Skutch 1985 , Rotenberry and Wiens 1989 , Major et al. 1994 and is thought to be a powerful force shaping many aspects of avian reproductive ecology and life history (e.g., Clark and Wilson 1981 , Slagsvold 1982 , Bosque and Bosque 1995 . However, empirical demonstration of its influence on nest site and habitat selection and community structure is mostly lacking.
We explore the association between nest predation pressure, defined by patterns of nest predation, and avian habitat selection, and the potential significance of this relationship for breeding bird diversity at a regional geographic scale. The often dramatic effects of exotic or locally enhanced nest predator populations on avian assemblages constitute clear evidence that nest predation can influence community organization (Scott et al. 1986 , Savidge 1987 , Sieving 1992 . In these situations, changes in nest predator population size or species composition in response to perturbations KATHRYN E. SIEVING AND MARY F. WILLSON (e.g., exotic introductions, habitat fragmentation) diminish bird diversity via local extinctions of species unable to compensate for increased mortality. But that type of evidence does not demonstrate that natural predator populations exert consistent, long-term natural selection affecting species-typical habitat selection patterns and, ultimately, avian community organization. Direct tests of this hypothesis would assess whether habitat-based changes in nest predation pressures lead to heritable shifts in nesting location; however, the complexity of requisite experimental designs currently precludes such tests. To approach this higher-level hypothesis, we can assess the predicted consequences and ultimately judge its explanatory value (Gillies 1993) . Some important predictions are that nest predation pressures will vary with abundance and diversity of nest predators; avian reproductive success will vary with nest predation pressures; breeding bird abundance and diversity will vary inversely with nest predation pressure; and if birds reproduce successfully where nest predation risk is high, they should exhibit adaptations that reduce the risk of nest discovery by native predators.
Evidence indicates nest predators are distributed differentially among habitats, and predation risk and bird diversity and abundance can vary accordingly (e.g., Duebbert and Lokemoen 1980 , Zimmerman 1984 , George 1987 , Møller 1989 , Storch 1991 , Berg 1992 , Sieving 1992 , Nour et al. 1993 , Andrén 1995 , suggesting that birds could choose breeding habitat based, in part, on predator occurrence or predation risk. While birds do not appear to use presence or relative abundance of major nest predators as cues for selecting safe nesting locations (i.e., they will nest where either many or few predators are present, e.g., Møller 1988), many records indicate that actual nest predation events elicit pointed changes in re-nesting location, presumably to avoid subsequent predator attacks (e.g., Rowley 1965 , Morton et al. 1993 . That suggests that direct interaction with predators is a more reliable indicator of predation risk than predator presence or relative abundance in prospective breeding habitat: predator presence does not signify that bird nests are currently included in the predators' foraging search image, and relative predator abundance is likely to be difficult for breeding birds to assess, particularly those arriving from distant wintering grounds. Thus, along with other important cues (e.g., habitat structure and food and mate availability; Partridge 1976 , Wiens 1985 , Steele 1993 , McShea et al. 1995 , nest loss events represent a tangible proximate mechanism potentially influencing birds' decisions about where and when to nest. We explore the possibility that comprehensive assessment of nest predation risk in different habitats can describe selective pressures potentially influencing habitat selection and, therefore, species diversity in breeding bird communities.
The breeding bird assemblage of deciduous forest understory in southeastern Alaska and extreme western Canada, near the border of British Columbia and Yukon Territory, is generally more species rich than that of coniferous forest understory in the same region (see Willson and Comet 1996a, b) . Deciduous and coniferous tree species may grow in mixed stands, but pure stands are often adjacent to one another creating sharply defined borders. Populations of some bird species abruptly change at those ecotones, occurring in only one of the two forest types. To determine if avian distribution and nest predation pressure are associated at the landscape scale, we conducted field experiments to assess relative risks of nest predation in coniferous and deciduous forest understory in southeastern Alaska and northwestern Canada.
METHODS

Forest types and study sites
In southeastern Alaska, deciduous forest is primarily found on riparian and disturbed sites (e.g. avalanche chutes) and is dominated by black cottonwood (Populus trichocarpa), willow (Salix spp.), and alder (Alnus spp.). Coniferous forest near Juneau is characterized by western hemlock (Tsuga heterophylla) and sitka spruce (Picea sitchensis). On the drier eastern side of the coast range, in Canada, aspen (Populus tremuloides) and willows dominate upland deciduous forests, the willow/alder/cottonwood association is found in riparian zones, while white spruce (Picea glauca) and lodgepole pine (Pinus contorta) are characteristic of upland coniferous forests.
To examine effects of different forest types on nest loss, we selected two sets of study plots for artificial nest placement. The main group of 12 plots was used to compare predation in deciduous and coniferous forest (plots 1-12, Table 1 ). Plots 1-4 were used in 1993 in coastal rainforest near Juneau, Alaska (58Њ N, 135Њ W). In 1994, plots 5-8 were established in the Juneau area (at least 200 m distant from 1993 plots), and plots 9-12 were established in western Canada, near the British Columbia-Yukon Territory border north of the town of Atlin (60Њ N, 134Њ W). To assess nest predation among subtypes of coniferous and deciduous forest (i.e., spruce vs. pine and willow vs. aspen) found on the Canadian side of the coastal mountains, a pair of plots (13 and 14; Table 1 ) was established in lodgepole pine and willow forest, respectively. Nest predation on those two plots was compared with other Canadian plots with spruce or aspen overstories, respectively (plots 9-12, Table 1 ).
Understory vegetation density on study plots varied from sparse to very dense. Coastal coniferous plots had devil's club (Oploponax horridum), rusty menziesia (Menziesia ferruginea), and blueberry (Vaccinium spp.) in the shrub layer, while the Canadian coniferous plots had sparse willows and conifer saplings. Riparian deciduous sites, like those near Juneau and the Pine Creek Willow plot, had small willows and alders; in Sheep Creek, viburnum (Viburnum edule), elderberry (Sambucus racemosa), and salmonberry (Rubus spectabilis) shrubs dominated the understory (see also Willson and Comet 1996a). While we could not determine exact ages of the deciduous and coniferous forest stands we used, nor the processes that created them, they were typical of what was available. With the exception of the Back Loop plot in suburban Juneau, all sites were relatively undisturbed and embedded in forest-dominated landscapes where animal responses to humancreated edges are less distinct than in urbanized areas with forest cover (DeGraaf and Angelstam 1993 , Rudnicky and Hunter 1993 , Paton 1994 , Andrén 1995 .
Experimental design
We placed artificial bird nests, each containing a single Japanese Quail (Coturnix coturnix) egg, on study plots in coniferous and deciduous forest. Two artificial nest types (large and small) were placed in two types of sites (shrub and ground; Table 2 ). Artificial nests were handmade, using natural forest materials char-acteristic of local species' nests, and placed in nest sites generally representative of those used by one to three local breeding species (Harrison 1979 ; K. E. Sieving and M. F. Willson, personal observation; Table 2 ). Woven wicker nest cups from a finch breeder supplier were used to support the bulky materials used to construct large nests; however, only natural materials were visible inside or outside the nest cups (see Martin 1987b) .
Floristic composition of understory vegetation varied among sites, so nest surroundings necessarily varied among plots (Table 2 ). Although we used nest sites similar to those used by birds, artificial nests were generally more conspicuous than natural nests; we made no extreme efforts to conceal them if cover was not readily available, but used sites with cover when available. Few local understory birds nest in both coniferous and deciduous habitats (Willson and Comet 1996a; K. E. Sieving and M. F. Willson, unpublished data) . However, placing generalized versions of nest types typical of the region in both forest understory habitats available to breeding birds was an important aspect of assessing whether nest predation pressures varied in a pattern consistent with breeding bird diversity. Concurrent studies of natural nest success (M. F. Willson, unpublished data) allow us to compare natural and artificial nest success for the same region and habitat types (see Discussion).
Timing and eggs.-Artificial nests, each with one quail egg, were placed on study plots two times/yr in 1993 and 1994, earlier (T1) and later (T2) in the passerine nesting season. Twelve-day exposure periods mimicked typical incubation periods at northern latitudes (M. F. Willson, personal observation, . Actual dates of exposure were staggered among plots in each location by 1-2 days, and this extended the T1 and T2 experimental periods beyond the 12-d exposure period. Thus in 1993, T1 extended from 3 to 16 June, and T2 from 21 June to 4 July. In 1994, T1 (Juneau) extended from 31 May to 14 June, T2 (Juneau) from 19 June to 3 July, T1 (Atlin) 4 to 17 June, and T2 (Atlin) from 21 June to 4 July. During each experiment, nests were first placed in the forest without eggs for 1-2 d, simulating a brief nest-building stage. Exposure was initiated by placing one quail egg in each nest, then nests were checked either every 4 d (three visits total, including the termination date, 1994), or every 3 d (four visits, 1993) . Nests were considered to be depredated when either the egg or nest was eaten or taken and if the egg was damaged or disturbed but not eaten. Quail eggs were refrigerated until used, within 2-3 wk of collection in research colonies-well before egg decomposition could have affected predation rates (Whelan et al. 1994) . Eggs remaining at the ends of experimental periods were smashed to check for signs of decomposition, and none were found.
Nest placement.-Ten each of the four nest types, defined by four possible combinations of two sizes (large and small) and two locations (ground and shrub; see Table 2 ) were distributed over 2.5 ha on each main forest plot (nos. 1-12, Table 1 ). On each plot, a 500-m transect was marked with flagging every 50 m. At evenly spaced intervals off of each 50-m section, one nest of each type was placed on a line perpendicular to the transect out to a maximum distance of 25 m, to the right or left. Distance and direction from transect, and order along transect, were randomized in each experiment. When placing nests in the field, we used those randomly determined locations as starting points for finding the closest appropriate sites for placement. Nest locations were identified from flagged positions along the central transect and by descriptions in field notebooks. On plots 1-12 in 1993 and 1994, we used 10 each of the 4 nest types for a total plot sample size of 40 nests, density of 16 nests/ha, and a total of 960 nests overall (480 in each temporal sample period). Natural nest densities at four sites near ones used in this study (Sheep Creek, Back Loop, Herbert River, and Peterson Creek) were 12, 2, 1, and 1/ha, respectively, in 1994 (Willson and Comet 1996a) . Thus, artificial nest densities were higher than natural nest densities, particularly at coniferous sites. To assess nest predation risks for forests of the same type but of different overstory composition in Canada (i.e., pine vs. spruce coniferous and alder/willow/cottonwood vs. aspen deciduous forest), we set out 10 large ground and 10 large shrub nests in a lodgepole pine and a cottonwood/willow/alder site near Atlin in 1994 (plots 13 and 14, Table 1 ). One nest of each type was placed up to 25 m out along a line perpendicular to the transect, spaced evenly within each 50-m segment of the transect. The overall nest density of 8 nests/ ha was half that of main forest plots (with 4 nest types); however, density of each nest type was 4/ha, equivalent to that on main forest plots. Predation losses on plots 13 and 14 were compared with losses of large shrub and ground nests on spruce-and aspen-dominated main forest plots near Atlin (plots 9-12, Table 1) during the same time periods.
Bias controls.-In field experiments of this magnitude, controlling all influential factors is impossible. However, two factors are currently considered to be potential biases in artificial nest studies: presence of human scent and egg size. Some predator species, particularly ground mammals, may respond to human scent (Whelan et al. 1994 ) in different ways. If predator species also have differential access to nests placed in a variety of sites, analysis of nest position effects become confounded with predator responses to human scent. To minimize bias deriving from human scent on our nest plots, artificial nests were set outside in rain and sun for one to several days following construction, and rubber boots and gloves were worn during nest and egg placement and during nest checks. Because most species attacking nests in our study have excellent vi-NEST PREDATION AND AVIAN DIVERSITY sual and hearing capabilities, we also attempted to minimize noise and conspicuousness while setting and checking nests.
Egg size can influence nest predation if eggs are too small or too large for predators to recognize as food or to consume (Roper 1992, Yahner and Mahan 1996 ; but see Major and Kendal 1996) . In our study, potential egg predators included large-mouthed species such as corvids, squirrels, marten, and bear, but also smallmouthed predators such as shrews. The latter species may have trouble opening Japanese Quail eggs, which are larger and thicker shelled than typical passerine eggs, and this could bias quail egg experiments (Haskell 1995) . To address egg size as a potential bias, we did two things. First, we conducted an accessory experiment near Juneau in 1994 (during T1 only) to see if ground nests with smaller eggs were depredated at rates different from similar nests with the standard Japanese Quail eggs. Single Buttonquail (Turnix spp.) eggs, approximately half the size of Coturnix eggs, were used in small ground nests on four distinct transects for comparison of nest losses with small ground nests on main forest plots. Ten Buttonquail nests were distributed on each of four 500-m transects paired with four main plots (nos. 5-8), and were set no closer than 100 m to other experimental nests. Predation rates on those nests were compared with predation rates on small ground nests on the main plots during T1. If a significant number of predation attempts on Japanese Quail eggs were unsuccessful because eggs were too big, we expected Buttonquail nests to be destroyed at some higher rate. Second, throughout all experiments we took care to record and describe any type of nest disturbance that occurred: such as eggs displaced from the bottom of nest cups, pushed out of nests, or eggshells scratched in obvious ways. Such disturbances were used as an index of small predator nest attacks and treated as nest predation events.
Nest predator identification and habitat association
We set out 16-20 remote-controlled cameras in forests of Juneau, both years, and 20 additional cameras in Atlin sites in 1994. We used Kodak Fun Saver 35 disposable cameras rigged with remote switches that tripped a shutter-release mechanism and a flash unit in response to egg removal at artificial nests. A similar set-up was used by Picman (1987) . Cameras were used at nests near experimental plots so they could be reset when experimental nests were checked. Cameras were distributed evenly between artificial ground and shrub nests, and among coniferous and deciduous forest. Because some were moved more often than others, and rain caused some malfunctions in Juneau cameras in 1994, no statistical comparisons were made using numbers of individuals or species photographed.
Jays (corvids in general) and red squirrels (Tamiasciurus hudsonicus) are well-known avian nest predators (Gurnell 1987 , Darveau et al. 1997 , and camera identifications of principal nest predators in Juneau, 1993, confirmed that red squirrels and Steller's Jays (Cyanocitta stelleri) were important diurnal predators in coastal forests. This prompted us to conduct standardized point-count surveys in 1994 to quantify abundance of red squirrels (both locations) and Gray (Perisoreus canadensis; Canada) and Steller's jays (Juneau) in coniferous and deciduous forests, and at the border between them. Surveys were conducted in the following manner. On a given morning between 0500 and 1200 h, an observer conducted three pairs of infinite-radius point counts. Each pair consisted of one 5-min count in a forest border between coniferous and deciduous stands followed by another 5-min count 200 m into adjacent forest of one type. Pairs of counts were conducted at least 200 m apart, no sites were revisited, and we tried to avoid double counting individuals by mapping their locations during censusing. A total of 54 point counts were done in forest borders (24 near Juneau, 30 near Atlin) and 27 each in coniferous and deciduous forest interior (12 near Juneau, 15 near Atlin).
Data analysis
Proportions of nests lost in the main experiment (on plots 1-12) were submitted to three-way repeated-measures analysis of variance after angular transformation. The three factors were forest type (coniferous vs. deciduous), nest height (shrub vs. ground), and nest size (large vs. small). Within-season temporal samples (T1 and T2) were used as the repeated measure (Dixon et al. 1988) , because nests were placed twice on the same plots in each year. Though nest distributions were rerandomized each time, nests were exposed to the same individual predators in T1 and T2, a classic repeated measure (Manly 1992) . Data from different years, however, represented independent spatial replicates of forest type, because 1994 plots near Juneau were established at least 200 m from 1993 plots, and annual variation in predation pressure was not an a priori main effect in our design. Analysis of variance was also used to assess nest losses in different types of coniferous and deciduous forest understory near Atlin (plots 13 and 14 vs. plots 9-12) and habitat-based differences in nest predator abundance. Paired Student's t test was used to compare small ground nest losses on the eggsize bias plots with their main plot counterparts (plots 5-8).
RESULTS
Predation in coniferous vs. deciduous forest understory
Almost 9% of nest losses were due to disturbance rather than outright egg loss or destruction. Disturbances included eggs rolled out of nests, eggs with tooth-scratch marks on the shell, and nests partially destroyed or stolen with eggs intact. Of 40 disturbance 
FIG. 2. Proportions of artificial nests of the four different
types destroyed in coniferous and deciduous forests, location and year combined. T1 and T2 indicate first and second temporal experiments within a breeding season, respectively (see Methods). SS ϭ small shrub, SG ϭ small ground, LS ϭ large shrub, and LG ϭ large ground nest (see Table 2 ). N ϭ 6 plot means for each bar (ϩ1 SE).
events on plots 1-12 in 1993 and 1994, 33 (82.5%) were at ground nests, 28 (70%) were in deciduous forest, and 25 (62.5%) were in T2. While stolen nests (5%) were probably taken by red squirrels seeking nest materials (K. E. Sieving, personal observation), other types of disturbance were most likely due to mammals that were too small to break open Coturnix eggshells but may be a threat to unattended warbler, thrush, or sparrow eggs. We treated all above disturbances as predation in analyses of main effects, including nest theft. Whether the latter ever occurs at natural nests, we do not know, but it represents a dramatic disturbance that would cause failure if it ever did happen. Seven nests were eliminated by rain damage or accidental destruction by investigators. In all, 47% (452/953) of nests placed on main forest plots were depredated.
Nests were significantly more vulnerable to predation in coniferous than deciduous forest understory (F ϭ 18.50, df ϭ 1, 40, P Ͻ 0.001, Fig. 1) , and the repeated measure (time, T1 vs. T2) was not significant (F ϭ 1.0, df ϭ 1, 40, P ϭ 0.32). The time-by-forest type interaction term was almost significant (F ϭ 3.51, df ϭ 1, 40, P ϭ 0.068), because predation losses were greater in deciduous than coniferous forest in Alaska during T1, 1993 (Fig. 1) . Nest height (shrub vs. ground) was not a significant main effect, possibly because the time-by-nest height interaction term was F ϭ 5.10, df ϭ 1, 40, P ϭ 0.03; ground nest losses increased (43-47%) and shrub losses decreased (50-31%) from T1 to T2, and the latter effect was pronounced for small shrub nests (42-17%; Fig. 2 ). Finally, large nests were more vulnerable than small nests (F ϭ 5.9, df ϭ 1, 40, P ϭ 0.02; Fig. 2) , and no other terms were significant at alpha ϭ 0.05.
Significant variation in predation occurred among different types of coniferous (pine vs. spruce) and deciduous (aspen vs. willow) forest at Canadian sites near Atlin (shrub and ground nests pooled; one-way repeated-measures ANOVA; F ϭ 12.5, df ϭ 3, 48, P ϭ 0.002). The only significant pairwise comparisons (Bonferroni; alpha ϭ 0.05) were between coniferous and deciduous plots, not between pine and spruce or willow and aspen. In both time periods, however, the trend was consistent; predation in spruce was greater than in pine, and in aspen greater than in willow. and 22 Steller's Jays (plot 4) at ground and shrub nests and two Sorex shrews (plots 3, 7) at ground nests. In Canada (1994) 63 red squirrels (plots 9, 10, 11, 12, 13) and 5 Gray Jays (plots 11, 13) at ground and shrub nests, 5 deer mice (Peromyscus maniculatus; plots 11, 12), 3 red-backed voles (Clethrionomys rutilus; plots 10, 12), and 1 black bear (Ursus americanus; plot 11) at ground nests were photographed.
Nest predator identification and abundance
Distributions of the three predator species we censused differed (Fig. 3) . Two-way ANOVA on species of predator and forest type (coniferous, border, deciduous) indicated that both factors contributed significantly to the model (F ϭ 6.98, 18.53 respectively; df ϭ 2, 203 [both], P Յ 0.001 [both] ). The species-byforest type interaction term was also significant (F ϭ 5.9, df ϭ 4, 203, P Ͻ 0.001) due to the lack of squirrels in deciduous forest counts (Fig. 3) . Overall, predators are more abundant in border and coniferous than in deciduous habitats, but that pattern was defined by the distribution of squirrels (Fig. 3) . To see if jay distributions differed between ''interior'' forest and the border between the two types, red squirrels were eliminated from analysis, coniferous and deciduous forest counts were pooled, and the data were submitted to a one-way ANOVA on habitat type (border vs. forest interior); jays were significantly more abundant at forest borders (F ϭ 6.59, df ϭ 1, 105, P ϭ 0.012).
Egg-size bias test
Buttonquail eggs were not eaten more frequently than Japanese Quail eggs placed in small ground nests (on plots 9-12) in early June of 1994 (Student's t test; t ϭ 0.43, P ϭ 0.69). Slightly more Buttonquail nests were taken than Japanese Quail nests in coniferous forest (47 vs. 40%), but 30% of each egg type was taken in deciduous forest. Disturbance accounted for 7.5% of Buttonquail nest losses and 10% of Japanese Quail nest losses. Although sample size in this experiment was limited, it does not appear that smaller egg size significantly increased predation rates on experimental ground nests.
DISCUSSION
Predation pressure reflects predator ecology
Different predator assemblages influence predation patterns on artificial and natural bird nests in distinctive ways (Angelstam 1986 , Nour et al. 1993 , Yahner 1996 . In this study, photographs from remote-controlled cameras suggested that predation on artificial nests was caused by three types of predators: squirrels (74% of photos taken), jays (18%), and small mammals (mice, voles, shrews; 5%). Possible nest-raiding species present but not photographed include Northwestern Crow (Corvus caurinus; Angell 1978), pine marten (Martes americana), shorttail weasel (Mustela erminea; Darveau et al. 1997) , northern flying squirrel (Glaucomys sabrinus), hoary marmot (Marmota caligata), and least chipmunk (Eutamias minimus). In boreal forest of Quebec, Darveau et al. (1997) documented a similar predator community: plasticine eggs in artificial nests in managed and unmanaged boreal forest habitats (both deciduous and coniferous) were attacked by red squirrels (36%), mice and voles (21%), birds (13%), and other species, including woodchucks (Marmota monax; 30%). In both studies, red squirrels were the most important reputed nest predator and, particularly in our study, exhibited unambiguous habitat associations that were coincident with major patterns of predation on artificial nests (see also Bayne et al. 1997) .
Red squirrels can kill adult passerine birds (Sullivan 1991) and are aggressive predators when they encounter bird nests containing either eggs or nestlings (Adams 1939, Layne 1954; K. E. Sieving and M. F. Willson, personal observation). Their frequent presence at our cameras, the congruence between their distribution and that of predation rates on our nests, and multiple observations of them preying upon natural nests by our research assistants suggest that red squirrels pose a pervasive risk to breeding birds in northwestern forests. Their influence varies markedly, however, with forest type. Red squirrel densities were highest in spruce and spruce-hemlock forest, moderate in pine-dominated forest, and lowest in deciduous forest (Willson and Comet 1996b;  Fig. 3 ). Squirrel density diminishes across the array of forest types as a function of declining availability of conifer seeds, upon which red squirrels in the northwest depend (Rusch and Reeder 1978 , Gurnell 1984 , Klenner and Krebs 1991 . Our results indicate that nest predation pressures decline in parallel with squirrel density (see Results). We conclude that red squirrels may largely define the distribution of a process (i.e., nest predation) at the regional landscape scale (Andrén 1995, Lima and Zollner 1996) . Predation pressures attributed to jays and small mammals appeared to be less pervasive at the regional scale, but caused distinctive temporal and spatial patterns in our data.
The Buttonquail egg experiment indicated that egg size in the range we tested did not influence small mammal attacks, but size effects were not independent of eggshell thickness; the shells of both Turnix and Coturnix eggs are substantially thicker than those of warbler and sparrow eggs. While more experiments are needed to clarify the relationship between small nest predators and quail eggs in experiments (Major and Kendal 1996) , the tally of disturbance events served as an index of attempted egg predation by small mammals. Disturbance events occurred primarily at ground nests, in deciduous forest, and later in the seasonwhere and when shrews and other small mammals are most diverse and abundant in the Northwest (Doyle 1990, J. Barnard, personal communication) . During the second year of this study, small mammal populations did not attain a multiyear peak in the northwestern region, yet they attacked nearly 10% of artificial nests and some natural nests (K. E. Sieving, personal observation). Intraseasonal and especially supra-annual population peaks may amplify small mammal attack rates to significant levels, with consequences for passerine population ecology. For example, predictable late-season population build-ups of small mammals could select against second broods in ground-nesting birds, and in outbreak years when small mammals become homogeneously distributed (J. Barnard, personal communication), small mammal predation could reduce nesting productivity in all forest habitats. Coordinated studies of small mammal and nesting bird ecology (e.g., Smith and Andersen 1982) are needed to clarify this relationship.
Both Steller's and Gray jays are widely recognized as nest predators, as are most corvids, and are thought to be visual predators capable of specializing on nests (Ouellett 1970 , Ehrlich and McLaughlin 1988 , Andrén 1992 . Our data suggest that Steller's Jays are facultative nest specialists. During T1 in 1993, when two nesting pairs of Steller's Jays near the suburban Back Loop plot were engaged in nestling feeding, the species was frequently photographed, and 78% of artificial nests at Back Loop were depredated-the highest nest loss recorded on any plot, causing nest losses to be higher in deciduous than coniferous forest for the only time period during the study (Fig. 1) . By T2, however, the jay chicks had fledged, the species was rarely seen or photographed near Back Loop, and only 17% of artificial nests were lost. If feeding nest contents of birds to their own nestlings is typical of Steller's Jays, then in their preferred habitat (successional forest edges and suburban neighborhoods; Salata 1982 ) a sizeable and predictable drop in nest predation following fledging of jay chicks could favor second nest attempts by multibrooded species and late nesting by single-brooded species. While some evidence suggests other corvids exhibit temporal specialization on nests (see Angell 1978 , Johnson et al. 1989 similar to what we documented for Steller's Jays, Gray Jays are unlikely to do so because their chicks fledge in March, well before peak nesting by other passerines (Strickland and Ouellet 1993) . Our data support the idea that Gray Jay predation is temporally homogeneous throughout the passerine breeding season, as nest loss in both years declined from T1 to T2 in coastal deciduous forest (with Steller's Jays; especially for small shrub nests, see Results), but not at Canadian sites with Gray Jays (Figs. 1 and 2) . Because Gray Jays also use a wider variety of habitats (Spindler and Kessel 1980) , predation pressure they generate is probably also more spatially homogeneous than that of Steller's Jays at the landscape scale.
Habitat selection: linking nest predation and bird species diversity
We distributed artificial nests that were, on average, less concealed than natural nests, in a landscape inhabited by predominantly visual nest predators to examine the direction of potential selection pressures in two different habitats. Our study is analogous to the experimental addition of live prey with conspicuous traits into environments with visual predators to assess the direction and strength of selection for crypsis (e.g., Kettlewell 1959 , Endler 1980 . Although no study has yet demonstrated that nest predation acting on nest site and habitat selection satisfies all the criteria of natural selection (Endler 1986 ), our artificial nest array did provide an indication of relative activity of nest predators in different habitats (Andrén 1995) and, therefore, a measure of habitat-based differences in potential predation pressure.
What is the evidence that birds could be responding to this variation and selecting habitat to minimize predation risk? Understory breeding birds are more abundant and diverse in deciduous than in coniferous forest understory (Willson and Comet 1996b) ; this observation led us to undertake the study. We might predict that natural nest loss patterns should parallel artificial nest losses if birds were seeking low predation habitats for nesting. In apparent contradiction, however, preliminary analysis of success of natural open-cup nests monitored near several of our experimental plots in 1993 and 1994 through 1995 revealed relatively greater predation loss in deciduous than coniferous forest-in contrast to the pattern realized for artificial nests. Only 4 of 30 (11.8%) understory open-cup nests found in coniferous and 206 of 636 (32.4%) natural nests monitored in deciduous forest sites were depredated over the three years (M. F. Willson, unpublished data) . Nest searching effort in coniferous habitat was substantial, and the disparity in numbers of nests found in each forest type was due to lack of nests rather than searching effort in coniferous understory.
Many reasons have been offered to explain why absolute losses of natural and artificial nests should not be equivalent in a given habitat. Factors suggested to increase artificial nest vulnerability relative to natural nests include lack of parental defense, greater conspicuousness of the nest structure and its placement, unconcealed eggs, human-associated smells and activity (e.g., Willebrand and Marcstrom 1988, Whelan et al. 1994) , and higher artificial nest densities (Martin 1988c) . In this study, we observed comparable artificial and natural nest losses in one habitat but not the other. We think that pattern can be explained, in part, by habitat characteristics and traits of bird species breeding in coniferous forest understory that minimize vulnerability of their nests to predation, permitting them to coexist with red squirrels.
Our experiences placing nests revealed that cover and sturdy structural supports for shrub nests are less common in coniferous than deciduous forest. The plot with the highest density of good understory nest supports (elderberry forks with multiple stems) and dense cover (Sheep Creek; Tables 1 and 2) , where artificial nests were easily placed, also had the highest density of breeding birds (Willson and Comet 1996a) . Therefore, inadequate shrub structure probably contributes to the lack of shrub-nesting birds in coniferous forest understory and to greater visibility and vulnerability of artificial shrub nests placed there. However, shrubs were also sparse on deciduous plots in Canada, and inadequate shrub structure does not necessarily explain the lack of ground-nesting bird species (Willson and Comet 1996b) or poor success of artificial ground nests in coniferous forest (Fig. 2) ; both patterns may be related to high densities of red squirrels (Fig. 3 ) that often forage on the ground.
Adaptive life history traits of birds may reduce the vulnerability of natural compared to artificial nests in coniferous forest understory. The few bird species that appear to nest successfully in coniferous forest understory (in addition to nesting at low densities) might have specialized adaptations to avoid detection, defend the nest against adult squirrels, or rapidly replace depredated nests. Our study suggests small nest size reduces nest discovery ( Fig. 2 ; see also Møller 1990) , and this may help the small-bodied Winter Wren (Troglodytes) and Dark-eyed Junco (Junco hyemalis) nest successfully in coniferous understory, where they sometimes hide their nests in moss clumps above and on the ground (M. F. Willson and T. L. De Santo, personal observation) . Birds with aggressive nest defense that is even partially effective may be less restricted in habitat selection and nest placement in northwestern forests. For example, large-bodied American Robins (Turdus migratorius) nest in a great variety of sites, including exposed tree branches in coniferous understory, and we observed them to be successful at knocking marauding red squirrels from their nest trees. Finally, multibrooded species might coexist with red squirrels, in part, via their enhanced capability for rapid replacement of depredated nests (Sieving 1992 , Martin 1993a , b, Filliator et al. 1994 , and this generates the prediction that single-brooded species should be restricted to deciduous forest, whereas multibrooded species should also nest in coniferous forest. Insufficient data currently exist regarding broodedness and renesting capability of passerines in northern forests to assess that prediction.
Overall, the balance of evidence does not appear to contradict the idea that nest predation pressures contribute to the lack of breeding bird species in coniferous forest understory. Thirty percent predation (97.5% daily survival rate) of both artificial and natural nests we recorded in deciduous forest understory is low relative to other avian communities (Ricklefs 1969 , Skutch 1985 , Martin 1996 , suggesting that breeding birds without specialized antipredator strategies can find refuge from predation by avoiding coniferous forest understory in the Northwest (see also Miller and Knight 1993) . Thus, present-day concentrations of breeding species in deciduous forest understory could be explained, in part, via selection of the macrohabitat with less potential predation pressure, as measured by our artificial nest array. Just as character displacement may reflect the ghost of competition past (Connell 1980) , habitat selection favoring deciduous over coniferous forest understory may echo predation, past and present, in the Northwest. While Martin (1988c Martin ( , 1996 argues that density-dependent nest predation pressures can mediate the coexistence of breeding bird species within habitats by promoting nest-site partitioning to minimize predation risk, our results suggest that nest predation pressure may influence resource partitioning at the landscape scale as well. If intense and pervasive enough, habitat-specific nest predation risk may repel colonizers when they first attempt to nest in coniferous forest understory, before mechanisms influencing microsite selection and diversification can come into play.
Exploration of the hypothesis that nest predation is a reasonable mechanism for nesting habitat selection in northwestern forest understory does not exclude alternatives (Quinn and Dunham 1983) . For example, intrinsic preferences for foraging in deciduous or coniferous vegetation have been documented in birds (Parrish 1995) , and other evolutionary-ecological factors also apply (see Willson and Comet 1996a) . Addressing the relative importance of nest predation in structuring an avian community will require a different approach than ours.
Finally, using artificial nest loss as an absolute estimator of natural nest loss has always been criticized and rarely practiced. But our results indicate even relative predation pressures (e.g., among habitats) may not be parallel for natural and artificial nests, and this is usually a central assumption of nest experiments (Sieving 1992 , Andrén 1995 , Major and Kendal 1996 , Yahner 1996 . Careful consideration of mechanisms underlying possible predation patterns on artificial vs. real nests and that are relevant within the context of local systems should guide study designs and will certainly help interpret nonparallel patterns. We encourage investigators using artificial nest studies to avoid being constrained by superficial assumptions by obtaining information on both predator and prey populations and behavior. Additionally, our results demonstrate how a single focus on natural nest success can be misleading if an objective is to estimate habitat-specific nest predation pressure; i.e., our natural nest data suggest coniferous forest understory is a relatively safe place to nest. Only with additional insights from artificial nests do we begin to understand how breeding birds may be adjusting to the landscape of predation pressures in northwestern forest understory.
